Summary In seed plants, the body organization is established during embryogenesis and is uniform across gymnosperms and angiosperms, despite differences during early embryogeny. Evidence from angiosperms implicates the plant hormone auxin and its polar transport, mainly established by the PIN family of auxin efflux transporters, in the patterning of embryos. Here, PaPIN1 from Norway spruce (Picea abies [L.] Karst.), a gene widely expressed in conifer tissues and organs, was characterized and its expression and localization patterns were determined with reverse transcription polymerase chain reaction and in situ hybridization during somatic embryo development and in seedlings. PaPIN1 shares the predicted structure of other PIN proteins, but its central hydrophilic loop is longer than most PINs. In phylogenetic analyses, PaPIN1 clusters with Arabidopsis thaliana (L.) Heynh. PIN3, PIN4 and PIN7, but its expression pattern also suggests similarity to PIN1. The PaPIN1 expression signal was high in the protoderm of pre-cotyledonary embryos, but not if embryos were pre-treated with the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA). This, together with a high auxin immunolocalization signal in this cell layer, suggests a role of PaPIN1 during cotyledon formation. At later stages, high PaPIN1 expression was observed in differentiating procambium, running from the tip of incipient cotyledons down through the embryo axis and to the root apical meristem (RAM), although the mode of RAM specification in conifer embryos differs from that of most angiosperms. Also, the PaPIN1 in situ signal was high in seedling root tips including root cap columella cells. The results thus suggest that PaPIN1 provides an ancient function associated with auxin transport and embryo pattern formation prior to the separation of angiosperms and gymnosperms, in spite of some morphological differences.
Introduction
In seed plants, the organization of the mature embryo can be divided into two overlapping patterns: an apical-basal pattern along the embryo axis ending in the shoot apical meristem (SAM) flanked by the cotyledons at the top and the root apical meristem (RAM) at the opposite basal end, and a radial pattern across the axis. This body organization is established during embryogenesis and is uniform across both gymnosperm and angiosperm species, despite differences in early embryogeny (Raghavan and Sharma 1995) . For example, conifer proembryos have a brief period of free nuclear divisions before cellularization of the embryo, and at later embryo developmental stages are embryonal tube cells, which are derived from the proximal end of the embryo proper, added to the suspensor system (Spurr 1949) . Conifer embryos also have a more irregular division pattern during embryogenesis compared to the model plant Arabidopsis, and a cell corresponding to the hypophysis, which in Arabidopsis is important for radicle and root cap formation (Berleth and Chatfield 2002) , cannot be recognized. Except for a few species, gymnosperm embryos also have more than two cotyledons formed in contrast to the single or the two cotyledons in monocots and eudicots, respectively.
Several lines of evidence implicate the plant hormone auxin (indole-3-acetic acid, IAA) and its polar transport in the correct patterning of angiosperm embryos. Treatment of embryos with various polar auxin transport (PAT) inhibitors, such as N-1-naphthylphthalamic acid (NPA) or 2,3,5-tri-iodobenzoic acid (TIBA), inhibits the establishment of bilateral symmetry, i.e., inhibits cotyledon and SAM development (Liu et al. 1993 , Hadfi et al. 1998 , Choi et al. 2001 ), resulting in a phenotype similar to the one detected in Arabidopsis pinformed1 (pin1) mutants that show reduced PAT (Okada et al. 1991 ) and several morphological abnormalities, often including deformed or fused cotyledons (Aida et al. 2002 , Furutani et al. 2004 .
The polar transport of auxin throughout the plant body is believed to be established by members of the auxin efflux facilitator PIN-FORMED (PIN) family in conjunction with ABC transporters of the ABCB/P-glycoprotein family and auxin influx transport facilitators of the AUX/LAX family (Gälweiler et al. 1998 , Geisler and Murphy 2006 , Petrásek et al. 2006 , Titapiwatanakun and Murphy 2009 . The Arabidopsis genome contains eight PIN genes (PIN1-PIN8) that may have evolved from a common single ancestral sequence (Paponov et al. 2005) , with PIN1 and the closely related PIN3, PIN4 and PIN7 genes all being expressed during embryo development . PIN1 in Arabidopsis is the most studied member of the PIN family and current evidence proposes that PIN1-mediated auxin transport creates transient local auxin maxima during embryo development important for demarking the embryonic organs (reviewed, e.g., by De Smet and Jürgens 2007) . Later, during post-embryonic growth, PIN-mediated auxin gradients/maxima are vital for the initiation, differentiation and growth of lateral organs (De Smet and Jürgens 2007) and in the specification of the distal cells in the root apex .
To circumvent difficulties associated with developmental studies of conifer seed embryos, somatic embryogenesis is used as a model system (Hakman et al. 1985) to gain better knowledge about molecular changes that take place during conifer embryogeny. With somatic embryogenesis, it is possible to obtain large numbers of embryos of specific developmental stages and also to manipulate development by various treatments. For example, it was recently shown that NPA treatment of pre-cotyledonary somatic embryos of P. abies leads to the formation of embryos with fused cotyledons of a pin-like phenotype ) and that a PIN-like gene, in conjunction with PaWOX2, a transcription factor belonging to the WUS/WOX family and active during early somatic embryo development (Palovaara and Hakman 2008) , is upregulated in these embryos ). Immunohistochemical localization of IAA also implicated high auxin accumulation in the epidermis of somatic embryos at the time of cotyledon formation ). In spite of the central role of PIN genes in embryo pattern formation, their expression has not been extensively investigated in plants other than Arabidopsis and, to the best of our knowledge, no reports exist with reference to gymnosperms. This paper presents a characterization of a PIN-like gene from P. abies, labelled PaPIN1 as it is the first gene isolated from this gene family, and semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) and RNA in situ hybridization analyses of its expression pattern during somatic embryo development. Expression was also examined in NPA-treated embryos and seedling tissues. The results confirm the earlier suggestion by Hakman et al. (2009) that PaPIN1 plays a fundamental role in the initiation of cotyledons and in the specification of the procambium and RAM during somatic embryo development, possibly by mediating PAT.
Materials and methods

Plant material and somatic embryo culture
One highly embryogenic cell line of Norway spruce (Picea abies [L.] Karst.), which contains a mixture of early staged embryos, cell aggregates and single cells of diverse form and size, recently described by Palovaara and Hakman (2008) , was used in this study. Somatic embryos were stimulated to develop into maturity by carefully spreading small pieces of 'calli' into a thin layer on top of a filter paper on maturation medium (Palovaara and Hakman 2008) . To impair polar auxin transport and normal embryo patterning, somatic embryos were treated with 1 µM NPA as described earlier ). Calli and developing somatic embryos at various stages were isolated as previously described (Palovaara and Hakman 2008) .
Seeds of P. abies were germinated at 25°C under a 12-h photoperiod in a growth chamber. Seedlings were harvested after 2 weeks and divided into roots, shoot apices, hypocotyls and cotyledons that were immediately frozen separately in liquid nitrogen for later RNA isolation. Root tips were also processed for in situ hybridization and immunohistochemistry, as described in the following sections.
PaPIN1: database analysis, isolation and characterization
To isolate a PIN homologous gene of P. abies with expected functions during embryo patterning, a BLAST search using the Arabidopsis thaliana (L.) Heynh. PIN1 (PIN-FORMED1; At1g73590) amino acid sequence was conducted against the pine [release 7.0 (July 23, 2008) ] and spruce [release 3.0 (July 11, 2008) ] EST Databases at The Gene Index (TGI) Databases (http://compbio.dfci.harvard.edu/tgi/). Retrieved nucleotide sequences were then used as 'bait' in further BLAST searches in the EST Databases. Alignments were performed on all retrieved sequences using the CLC Free Workbench (http:// www.clcbio.com) software on both protein and nucleotide data and finally assembled in an 'electronic Northern' (see Supplementary Table 1 ). Of the retrieved pine sequences, one long tentative contig (TC102728) that included a short sequence from a pine embryo library (DR991397) aligned together with several expressed sequence tags (ESTs) from spruce. Based on these results, primers were designed from one of the spruce contigs (TC47793).
Total RNA was extracted from the plant samples as previously described (Palovaara and Hakman 2008) , and 1 µg RNA was reverse transcribed into cDNA with oligo(dT) and random hexamer primers using the iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer's protocol. cDNA from early staged somatic embryos was used as a template in a polymerase chain reaction (PCR) with the gene specific primers PaPIN1a (5′-CGAAAAACATAAA-CAGATGCCCCC-3′) and PaPIN1b (5′-TCCACCTGAAA-GAAACGAGTGC-3′), and the resulting PCR product (140 bp) was sequenced (Eurofins MWG Operon, Ebersberg, Germany). This sequence was used for semi-quantitative RT-PCR of PaPIN1 expression during somatic embryo development and in seedling tissues together with the internal control UBC1, described earlier by Palovaara and Hakman (2008) , using the following thermal cycling conditions: 3 min at 95°C
, followed by 30 cycles of 30 s at 95°C, 30 s at 60°C and 45 s at 72°C. Rapid amplification of the 3′-cDNA and 5′-cDNA ends was performed using the SMART™ RACE cDNA amplification kit (Clonetech, Palo Alto, CA) according to the manufacturer's protocol. 3′-RACE was performed with the primer PaPIN1a and 5′-RACE with the primer PaPIN1b. PCR products were cloned using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA) and sequenced.
Phylogenetic analysis
Additional PIN sequences from other species were obtained by searching the GenBank Non-Redundant Database and JGI Selaginella moellendorffi v1.0 (http://genome.jgi-psf. org/Selmo1/) with TBLASTN and were then aligned together with all eight PIN proteins of Arabidopsis. After a preliminary alignment and analysis, sequences that were incomplete were eliminated together with nearly identical representatives of the different sub-lineages. Protein sequence alignments were generated using MUSCLE v3.7 (Edgar 2004) , with minor manual adjustments. Phylogenetic reconstructions were performed with the neighbour-joining (NJ) method in PAUP 4.0 (Swofford 2000) using default parameters. Estimates of confidence were done by bootstrapping (1000 replicates) and a consensus tree was computed by the 50% majority rule.
RNA in situ hybridization
Chemical fixation and tissue processing were performed as described by Tahir et al. (2006) . A 220-bp sequence from the PaPIN1 gene was amplified with primers containing T7 (sense) and SP6 (antisense) sites (5′-TAATACGACTCAC-TATAGGGTTTGCTGACCCTGGAAGAAC and 5′-GATT-TAGGTGACACTATAGCCTTGTCGAGAGGGATTGAT). The PCR products were then used for in vitro transcription using DIG-11-UTP, as described in the DIG RNA labelling kit (Roche Diagnostics GmbH, Mannheim, Germany) and stored at −80°C before hybridization.
Tissue treatments, pre-hybridization, post-hybridization washes and antibody treatment were conducted according to the protocol described by Simon (2002) with some modifications. The sections were hybridized with equal concentrations (5 µg ml −1 ) of either sense or antisense RNA probes and washed for 4 × 15 min in 2X SSC (0.3 M sodium chloride, 30 mM sodium citrate) at room temperature, 2 × 10 min in NTE (500 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA) at 37°C, 1 × 20 min in wash buffer (2X SSC, 50% formamide) at 50°C and 1 × 5 min in 0.1 SSC at room temperature. Detection of DIG-labelled probes was carried out with a Western Blue solution (Promega, Madison, WI). Colour development occurred after 2 days. Micrographs were taken with a Leica DMRE microscope equipped with a Leica DC 500 camera and pictures were further processed using Adobe® Photoshop® CS4.
Immunohistochemical localization of IAA
Somatic embryos and seedling roots were prepared for auxin (IAA) immunolocalization as described earlier ). Micrographs were taken with a Zeiss Axiovert 10 inverted microscope equipped with a Leica DFC 320 camera.
Results
PIN genes in conifers
By searching the TGI Databases for pine and spruce EST sequences homologous to the Arabidopsis PIN1 sequence, a large number of PIN-like gene sequences were obtained that could be assembled into 'electronic Northerns' (see Supplementary Table 1 ). Assuming that the numbers of retrieved sequences reflect, at least to some degree, their relative transcript abundance in different tissues, this would then indicate that the PaPIN1 gene isolated from P. abies somatic embryos (accession no. FJ031883) is a highly expressed PIN gene in conifers, with transcripts in many different organs and tissues, such as in embryos, roots, needles, cambium/phloem and xylem. Expression of PaPIN1 in various parts and tissues of seedlings was also verified by semi-quantitative RT-PCR analysis of the gene, which is further described below. By comparing the sequences of the retrieved species, it can be concluded that conifer genomes contain a minimum of four, but probably more, PIN homologous genes. Many of the retrieved sequences were quite short or spanned only the 3′ end region (3′ UTR) of the gene, while others appeared to be chimeric and contained only shorter stretches of nucleotides with similarities to PIN genes, making it difficult to assemble them into contigs. To emphasize the very tentative classification made of the various PIN genes in Supplementary Table 1 , different shades of the same colour have been used to illustrate that some of the ESTs that are gathered together may still represent different genes. Of all the retrieved ESTs from both pine and spruce, only one PIN gene (accession no. DR691397) was from an embryo library and sequence information from this gene was, therefore, used in this work. A gene assembly from spruce (TC47793) was almost identical to the pine gene and primers were designed based on TC47793 for the isolation of the P. abies cDNA sequence that we designated as PaPIN1 (accession no. FJ031883).
The full-length PaPIN1 cDNA encodes a putative protein of 699 amino acid residues with a calculated molecular mass of 76.2 kDa that when compared, shows 58.9% sequence identity with Arabidopsis PIN1 (see Supplementary Figure 1 ). Figure 2) showing the predicted evolutionary relationships between PaPIN1 from a conifer (Pinophyta) and PINs from eudicotyledons, monocotyledons, the moss Physcomitrella (Bryophyta) and the club moss Selaginella (Lycopodiophyta). Bootstrap support on the left of each node was inferred from 1000 replicates. The protein nomenclature corresponds to the following index from GenBank and JGI S. moellendorffi v1.0 (http://genome.jgi-psf.org/Selmo1/), respectively: PicabPIN1 (ACH91613) from P. abies (L.) Karst.; ArathPIN1 (NP_177500), ArathPIN2 (NP_568848), ArathPIN3 (NP_177250), ArathPIN4 (NP_565261), ArathPIN6 (NP_177836) and ArathPIN7 (Q940Y5) from A. thaliana (L.) Heynh.; MedtrPIN1 (AAM55297), MedtrPIN2 (AAM55298), MedtrPIN3 (AAM55299), MedtrPIN4 (AAM55300), MedtrPIN5 (AAM55301), MedtrPIN6 (AAT48627), MedtrPIN7 (AAT48628) and MedtrPIN10 (AAT48630) from M. truncatula Gaertn.; CucsaPIN1 (BAC41319) from Cucumis sativus L.; BrajuPIN1 (CAC24691), BrajuPIN2 (CAC67457) and BrajuPIN3 (CAC67688) from Brassica juncea L.; MomchAEC2 (AAQ14257) from Momordica charantia L.; PissaPIN1 (AAO38045) and PissaPIN2 (BAD05032) from Pisum sativum L.; PoptrPIN1 (AAG17172), PoptrPIN2 (AAM54034) and PoptrPIN3 (AAM54033) from Populus tremula L. × P. tremuloides Michx.; ZeamaPIN1a (ABH09242), ZeamaPIN1b (ABH09243) and ZeamaPIN1c (ACB55418) from Zea mays L.; TriaePIN1 (AAS19858) from Triticum aestivum L.; OrysaPIN1 (AAC39514), OrysaPIN1b (P0C0X5), OrysaPIN1c (Q67UL3), OrysaPIN2 (Q651V6), OrysaPIN3a (Q5VP70) and OrysaPIN3b (Q6L5F6) from O. sativa L.; PhypaPINA (XP_001753612) and PhypaPINC (XP_001758309) from P. patens; SelmoPIN1 (protein ID: 234325), SelmoPIN2 (protein ID: 102666), SelmoPIN3 (protein ID: 98910), SelmoPIN4 (protein ID: 422990) and SelmoPIN5 (Protein ID: 88887) from S. moellendorffi. SelmoPIN1 was selected as outgroup.
Transmembrane (TM) motif analysis of the deduced amino acid sequence of PaPIN1 revealed its consistency with the generalized scheme of the predicted structure of PIN proteins (Paponov et al. 2005) , with two conserved hydrophobic N-terminal and C-terminal regions, containing five TM helices each, along with the less conserved intermediate hydrophilic loop region (see Supplementary Figure 1) . Also, PaPIN1 contains more amino acids in the less conserved hydrophilic loop region compared to many angiosperm PINs (405 aa in PaPIN1, 328 aa in AtPIN1; Gälweiler et al. 1998 ) (see Supplementary Figures 1 and 2) . Two amino acids in the hydrophilic loop region of PaPIN1 that are conserved in several plant PINs correspond to serine and threonine in Arabidopsis PIN1 (Ser 337 and Thr 340), respectively, assumed to be phosphorylated by the protein serine/threonine kinase PINOID (Michniewicz et al. 2007 ).
Phylogenetic analysis of PaPIN1
Since PIN sequences demonstrate a very high similarity in the two groups of membrane-spanning domains, located at the N and C termini of the proteins, and relatively high heterogeneity in the central loop region, the evolutionary relationships between PaPIN1 and PINs from other plant species was resolved by constructing NJ trees based both on the loop amino acid sequences (Figure 1 ) and full-length sequences (see Supplementary Figure 3 ). In total, 42 sequences from representatives of both eudicotyledons and monocotyledons were included together with five and three sequences from S. moellendorffi and Physcomitrella patens, respectively. Sequences with a very short or non-existent central loop domain, many belonging to the Arabidopsis PIN5 clade, were removed from the phylogenetic analysis of this region (highlighted in red in Supplementary Figure 2A) . The tree based on the loop amino acid sequences is resolved into four clusters (Clusters I-IV; Figure 1 ), consistent with earlier results based on full-length PIN sequences from Arabidopsis and Medicago truncatula Gaertn. (Schnabel and Frugoli 2004, Paponov et al. 2005) , with PIN1 and PIN2 resolved into different clusters (Clusters I and II, respectively). PaPIN1 (PicabPIN1) clusters with the three evolutionaryrelated Arabidopsis PINs, ArathPIN3, ArathPIN4 and ArathPIN7 (Cluster III), while Physcomitrella and Selaginella cluster together with ArathPIN6 (Cluster IV). Similar results were obtained also if the full-length sequences were used in the phylogenetic analysis (see Supplementary Figure 3 ).
PaPIN1 expression during somatic embryo development and in seedling tissues
The expression pattern of PaPIN1 in developing P. abies somatic embryos, from their earliest stage as present in the proliferating calli until they had matured with wellformed cotyledons and elongated embryo axis on the maturation medium, was recently shown to be highest in the early and club-like pre-cotyledonary embryos after which the expression declined in more mature embryos ). PaPIN1 expression was now analysed using semi-quantitative RT-PCR in both developing somatic embryos (Figure 2A ), which produced similar expression results as in our previous study, as well as in different parts of seedlings ( Figure 2B ). The expression of the gene in seedlings was highest in cotyledon and lowest in root, whereas similar expression levels were observed in hypocotyl and shoot apex.
In situ PaPIN1 localization during somatic embryo development
To further assess the expression pattern of PaPIN1 during embryo development, RNA in situ hybridization was employed using a probe designed to cover a non-conserved area within the loop of the encoded protein (see Supplementary  Figure 1 ). Only one product was amplified during PCR with the designed primer pair and no other genes in the spruce or pine EST Databases at the TGI Databases corresponded to the probe, suggestive of its high specificity.
PaPIN1 was expressed throughout the embryo proper of the early staged pre-cotyledonary embryos but with a stronger signal in the outer protodermal cell layer of the embryo ( Figure 3A ). For simplicity, the outer cell layer of all embryo stages as well as that of seedling roots will henceforth be referred to as epidermis. As the embryo proper became larger and progressed into a club-like pre-cotyledonary stage, the hybridization signal became more restricted to the epidermis ( Figure 3B ), correlating with immunolocalization of IAA, with the highest signal localized to the epidermis of transition-stage embryos ( Figure 3C and D) . However, a weak in situ signal of PaPIN1 expression could still be seen in the inner part of the embryo proper ( Figure 3B ). Later, during development, PaPIN1 expression became restricted to the procambial cells that demark the future site of vascular tissue ( Figure 3E and H), and as embryos started to form small cotyledons, the signal extended to the vascular strands of the cotyledons ( Figure 3E and F) . A high expression signal was also seen in the future root area. At late embryogeny, when the cytohistological zonation in embryos became clearer, a continuous PaPIN1 expression signal was seen within the differentiating procambium, running all the way from the cotyledons down through the embryo axis to the root apex and then down to the columella cells in the central region of the root cap (Figure 3E, F, H and I) . However, the signal appeared weaker in the large cells of the RAM (considered the root initials) compared to both the procambial cells above and the root cap cells below ( Figure 3I ). No signal was obtained with the PaPIN1 sense probe ( Figure 3G ). As embryos matured further, the signal became weaker, which is consistent with the earlier real-time quantitative RT-PCR analysis described by Hakman et al. (2009; see also Figure 2A ). The PaPIN1 expression pattern in mature somatic embryos is illustrated in Figure 3J .
In NPA-treated club-like pre-cotyledonary somatic embryos, the expression pattern of PaPIN1 differed from that of untreated embryos, with PaPIN1 being expressed throughout the embryo proper with no discernible difference in signal strength ( Figure 3K and L), i.e., the hybridization signal did not become restricted to the epidermis as was seen in untreated embryos. However, PaPIN1 expression became restricted to the procambial cells that demark the future site of vascular tissue later during development ( Figure 3M ), similar to untreated embryos. The root cap area with its centrally located row of columella cells was poorly defined in NPA-treated embryos, but still a weak expression signal could be observed here. Again, the signal appeared weaker in the large cells of RAM (considered the root initials) compared to both the procambial cells above and the root cap cells below ( Figure 3M ).
In situ PaPIN1 localization in seedling root
No PaPIN1 expression signal was observed in mature desiccated seed embryos (not shown), including the root apex, but in the root of young seedlings that had resumed growth, the PaPIN1 activity could again be detected ( Figure 3N ), which was also verified by the semi-quantitative RT-PCR analysis ( Figure 2B ). Transcripts could be detected in the entire root tip with staining in the region of the root initials, in the central columella cells of the root cap and in the vascular cylinder of the root ( Figure 3N ). In addition, cells of the cortex and the future epidermis appeared to stain faintly. No signal was obtained with the PaPIN1 sense probe. Again, immunocytochemical detection of IAA in the root tip showed a similar staining pattern to that of the PaPIN1 in situ signal ( Figure 3O ), indicating a correlation between PaPIN1 mRNA abundance and auxin accumulation in the root. However, the central columella cells of the root cap, and particularly the cell layer interpreted to represent the developing epidermis, had a much deeper blue stain after IAA immunolabelling compared to the rest of the tissues of the root tip ( Figure 3O ), indicating a higher local accumulation of auxin in these tissues. In addition, the cortex stained very faintly. As the PaPIN1-specific probe only gave a weak signal in these tissues, it is possible, and even likely, that any of the other PIN homologous genes present in root libraries of the EST Databases (see Supplementary Table 1) are expressed here. No staining pattern was observed in control sections when the primary IAA monoclonal antibody was omitted (not shown).
Discussion
Correct embryo patterning is essential for optimal postembryonic growth, and with the aim of using somatic embryogenesis as a method for large-scale production of conifers, a much better understanding of this process is necessary. Recently, much progress has been made in understanding fundamental aspects of plant embryogenesis from studies of Arabidopsis embryo patterning mutants, and there is now compelling evidence linking auxin to several of the developmental events of the embryo (Jenik et al. 2007) . In this work, results are provided that suggest that auxin efflux proteins of the PIN family are also involved in modulating (creating local) auxin maxima/gradients and directing auxin flow in distinct regions of developing conifer somatic embryos.
Although the phylogenetic relationship among extant seed plants is still controversial (Chaw et al. 2000, Burleigh and Mathews 2004) , estimations of the divergence of gymnosperms and angiosperms from a common ancestor is believed to have occurred more than 300 million years ago (Stuessy 2004) . Many aspects of growth and development are different between gymnosperms and angiosperms, including certain aspects of their embryogeny. With the large-scale EST projects of conifers, it has also become clear that a large number of the pine embryo ESTs are novel and not found in any other plant (Cairney and Pullman 2007) . Therefore, analysis of fundamental processes that appear conserved between the two groups of plants should also be undertaken. (N) . Also, cells of the cortex and the future epidermis appear to stain faintly (double arrowheads). The IAA immunolocalization pattern is similar to that of PaPIN1 expression (O). However, the central columella cells of the root cap (arrowhead), and particularly the cell layer interpreted to represent the developing epidermis (double arrowheads), have a much deeper blue stain compared to the rest of root tissues. The yellow-brownish materials on the sections are phenolic compounds, which the cells are rich in. No signal was obtained after hybridization with the PaPIN1 sense probe (A, insert; B, insert; E, insert; G; K, insert; M, insert; N, insert). Scale bars, 25 µm (A-I, K-M) and 100 µm (N, O) ; cl, columella; ct, cotyledon; e, epidermis; ep, embryo proper; pc, procambium; ra, root apex; s, suspensor.
PaPIN1 and other PIN homologous genes in conifers
Based on expected sequence similarity to Arabidopsis PIN proteins and from information of partial PIN gene sequences retrieved from both pine and spruce EST Databases, cDNA of PaPIN1 was cloned from somatic embryos of P. abies. The deduced protein shares topology predictions of other PIN proteins, with two blocks of five TM helices at each terminus and a long, presumably intracellular, loop region of approximately 400 amino acids between them (see Supplementary  Figure 1 ). This loop in PaPIN1 is longer compared to that of angiosperm PINs (see Supplementary Figure 2 ) and is, in this regard, more similar to the Physcomitrella and Selaginella PINs. Phylogenetic analysis based on this region, however, shows that PaPIN1 cluster with Arabidopsis PIN3, PIN4 and PIN7, rather than with the PINs from Physcomitrella/Selaginella (Figure 1) , which appear more closely related to Arabidopsis PIN6, a representative of the Arabidopsis PIN5 clade (see Supplementary Figure 3) . Interestingly, Arabidopsis PIN5, as well as Arabidopsis PIN6, PIN8 and Physcomitrella PINA (despite its very long loop sequence) all seem to be endoplasmic reticulum (ER)-localized, suggesting a functional role in mediating auxin homeostasis at the ER (Mravec et al. 2009 ). When considering the expression profile of P. abies PaPIN1, however, both in embryos and other tissues, it shares many similarities to Arabidopsis PIN1.
Like that of Arabidopsis PIN1, the loop of P. abies PaPIN1 contains the amino acids serine and threonine believed to be the target phosphorylation site of the protein serine/threonine kinase PINOID (Michniewicz et al. 2007 ). PINOID-dependent phosphorylation, together with the phosphatase activity of PP2A, is assumed to regulate the specific localization of PIN within the cell and thereby the direction of auxin efflux (Friml et al. 2004 , Michniewicz et al. 2007 ). Since a potential PINOID homologue also exists within the pine embryo ESTs (Cairney and Pullman 2007) , these results suggest that Pa-PIN1 could be regulated in a manner similar to that of At-PIN1 in Arabidopsis. The internal loop of the AtPIN1 protein has also been suggested to be involved in regulation via protein-protein interaction (Kerr and Bennett 2007) and, in Arabidopsis, it has been shown that P-glycoprotein (ABCB/PGP) auxin transporters interact with the loop region of PINs to enhance the rate and specificity of auxin efflux (Blakeslee et al. 2007; reviewed, e.g., by Geisler and Murphy 2006) .
Not only the long generation time, but also the very large genomes (10-40 Gb) of conifers (Friesen et al. 2001) makes molecular genetic studies difficult to carry out. The large collections of ESTs (see, e.g., Cairney et al. 2006 , Ralph et al. 2008 are, therefore, valuable resources for carrying out such analysis. In the present survey of PIN homologous genes in different conifer EST Databases, at least four different PINs could be identified. Compared to the number of PINs found in other plants (e.g., eight in Arabidopsis, nine in Oryza sativa L., 10 in M. truncatula), this number is low and more PIN genes probably exist in conifers since only some selected tissues and developmental stages so far have been used to construct cDNA libraries, and many of the retrieved sequences were also very short or probably chimeric, which made them difficult to analyse. The high number of PINs in angiosperms may be the result of ancient genome-wide duplications (Cui et al. 2006) . No polyploidy has occurred in the Pinaceae family, although stable polyploidy species do occur occasionally in other conifer families (Williams 2009 and references therein) , and this could indicate that PINs are less redundant in pine and spruce compared to angiosperms. The PaPIN1 pine homologue was the only gene found in the EST Databases to be expressed in embryos and is, as indicated by 'electronic Northerns', a highly expressed PIN gene in conifers (see Supplementary Table 1 ), suggestive of fundamental function in auxin-mediated development in these species. However, the frequency of a gene in EST Databases can depend on the gene itself (i.e., sequence near the ends, size of transcript) and is then not a true reflection of its natural abundance or its importance, wherefore these data should be treated carefully.
PaPIN1 expression pattern suggests a role during organ formation and vascular development in embryos
Early staged somatic embryos of P. abies labelled with an anti-IAA antibody gave a strong staining reaction all over the embryo proper ). As the embryos developed, this signal became more concentrated to the epidermal cell layer (Figure 3C and D) . The results thus suggest that this local auxin accumulation is mediated, at least in part, by PINdependent auxin transport, since high PaPIN1 expression correlated with this staining in embryos and that PaPIN1 is responsible for correct cotyledon formation of embryos. Hakman et al. (2009) showed that the staining pattern of IAA was not as distinct in the epidermis of NPA-treated pre-cotyledonary embryos compared to that of untreated embryos and here it is shown that the expression of PaPIN1 is also low in the epidermis of such NPA-treated embryos ( Figure 3K and L) . Application of the auxin efflux inhibitor NPA to pre-cotyledonary embryos resulted in embryos with deformed cotyledons giving them a cup-or pin-like phenotype ), which substantiate a role for the PIN protein(s) in regulating polar auxin during this process. Early during embryo development, the PaPIN1 activity could be observed in the pre-procambium cells of the embryo axis and in the root apex. At later developmental stages, the signal was seen to follow the procambium, running from the tip of the cotyledons through the embryo axis to the root apex and then down the columella cells in the root cap ( Figure 3E, F, H-J) .
In Arabidopsis, the PIN1 gene is expressed in all cells, including the epidermis, during the very early stage of embryo development and is then progressively restricted to the procambium in both embryo axis and in the developing cotyledons (Aida et al. 2002) . This expression pattern in Arabidopsis embryos is similar to that of PIN1 protein localization (Steinmann et al. 1999 , Benková et al. 2003 , with PIN1 preferentially localized to the epidermal cell layer of the globular and triangular embryo with its polarity pointing toward the incipient primordium tip, putatively controlling auxin flux and, as a result, cotyledon formation. This process appears to share many similarities with the post-embryonic formation of shoot-derived organs with PIN1 controlling phyllotaxis patterning in a similar manner (Benková et al. 2003 , Reinhardt et al. 2003 , Smith et al. 2006 . Furthermore, both embryonic apical patterning Jürgens 1993, Aida et al. 2002) and, in the mature plant, leaf initiation (Schuetz et al. 2008 ) involves a MONOPTEROS-dependent pathway.
MONOPTEROS (MP/ARF) is an auxin response factor that is believed to mediate the regulation of PIN1 through the TIR1-Aux/IAA-ARF pathway (Vieten et al. 2005 , Wenzel et al. 2007 ). In Arabidopsis embryos, MONOPTEROS is also involved in the specification of the hypophysis (Weijers et al. 2006) . As mentioned earlier, a cell corresponding to the hypophysis in Arabidopsis cannot be recognized in conifer embryos. Instead, the basal region of early embryos consists of cells that divide predominantly in a transverse plane, with the cells that are not added to the secondary suspensor being the forerunners of the root cap even though the root initials are not yet established at this stage (Spurr 1949) . Specification of the hypophysis in Arabidopsis occurs at the globular stage when PIN1, localized to the pre-procambium cells with basal polarity facing the root pole, establish an apical-to-basal auxin flux from the incipient cotyledon primordium towards the basal embryo pole together with PIN4 and PIN7 (Benková et al. 2003 . Also, evidence suggests that PAT induces the formation of procambial cells in Arabidopsis (reviewed, e.g., by Ye 2002 ) and the procambium is formed in a similar manner in both conifers and dicot angiosperms during embryo development (Spurr 1949 , Raghavan 1986 ). The results thus indicate that PaPIN1 is involved in the specification of the procambium and the RAM also in conifers. However, there are, as mentioned earlier, morphological differences between Arabidopsis and conifers, and this implies that the mechanism that specifies RAM differs in these plant species. This needs to be investigated further.
PaPIN1 localization correlates with that of IAA in root
Because the homologous PIN gene of pine and other spruce species appeared in many root libraries (see Supplementary  Table 1 ) and that a similar auxin concentration pattern was found in P. abies roots ( Figure 3O ; see also Hakman et al. 2009 ) as reported from other species, such as in Arabidopsis, an investigation was made to see if the PaPIN1 expression pattern in P. abies roots followed that of PINs in other species. Results revealed that PaPIN1 expression is well-correlated with IAA accumulation in root tissues, i.e., PaPIN1 mRNA and IAA are detected in the vascular cylinder, in the root initials and in the central root cap columella cells ( Figure 3N and O). In all conifers, the primary root has an open type of organization in which the initials for the vascular cylinder, cortex, epidermis and root cap cells occur in one cell layer, while in Arabidopsis, the primary root has a closed type of organization with three different tiers of initials (Esau 1977) . Compared to many angiosperms, no sharp boundary is seen between the RAM and the root cap in conifers.
In developing embryos, the PaPIN1 in situ signal appeared weaker in the large cells of the RAM (considered the root initials) compared to both the procambial cells above and the root cap cells below ( Figure 3I ), respectively, while in the germinated seedling roots, no such distinction came into view within the RAM ( Figure 3N) . Also, auxin concentration, at least as reflected by immunohistochemical staining intensity, seemed to differ between the two ). Interestingly, Yeung et al. (1998) observed that corresponding cells in RAM of developing Picea glauca (Moench) Voss Mitt. seed embryos do not divide, while mitotic figures were common throughout the root meristem region during early stages of germination. This observation put forward the hypothesis that a low auxin concentration is needed for maintaining a quiescent state in the RAM and that this low level might be imposed by PIN.
In Arabidopsis roots, the expression pattern of PIN genes (see, e.g., Friml et al. 2002a ,b, Blilou et al. 2005 , Galinha et al. 2007 ) is very similar or identical to that of PIN protein localization, with PIN1 and PIN4 mediating PAT down through the vascular cylinder to the distal root apex, generating an auxin maxima, and PIN3 and PIN2 mediating auxin transport horizontally and vertically in the columella initials and in the outer cell tissue layer of the cortex, respectively, creating an auxin gradient in the root (reviewed, e.g., by Tanaka et al. 2006) . The specification of distal cell types, such as the quiescent centre and the root initials, correlates well with the PINmediated auxin maximum , Grieneisen et al. 2007 . By analysing various AtPIN mutants, it has been shown that there is functional redundancy among the Arabidopsis PIN genes in the root (Paponov et al. 2005) . In P. abies, with Pa-PIN1 mRNA and IAA being detected in all root tissues, it is possible that PaPIN1 is less specified than the Arabidopsis PINs. However, in addition to PaPIN1, it is highly likely that any of the other PIN genes present in root libraries (see Supplementary Table 1) are involved in auxin distribution in P. abies roots.
The cell layer interpreted to represent the developing epidermis and the central columella cells of the root cap stained more intensely after IAA localization compared to the rest of the tissues in the root ( Figure 3O ). It is possible that auxin is transported in a similar manner as in Arabidopsis, i.e., down through the vascular cylinder to the distal root apex, establishing an auxin maximum in the central columella root cap cells, and then transported horizontally and vertically up along the developing epidermis, creating an auxin gradient in the root. Hopefully, additional research involving the localization of the PaPIN1 protein as well as better characterization of other PIN genes in conifers will answer some of these questions.
